As these great blasts are fired only occasionally and at uncertain intervals, and being prepared must be fire d without postponement, and within a given hour of the day, namely, during the workmen's dinner hour (12 to 1 p .m.), when the quarries are clear of men, and therefore safe from accident, it became at once obvious that very frequent journeys, both on my own part and on that of such assistants as I should require, would have necessarily to be made to and from H olyhead; and to economize as much as possible the large expenditure that must thus arise, I applied to the City of Dublin Steam Packet Company, and to the Chester and H olyhead Railway Company, through their respective Secretaries, representing the scientific character of the undertaking, and requesting on their parts cooperation, by their permitting m yself and my assistants, with any needful apparatus, to pass free to and from Holyhead by their respective vessels from Kingstown Harbour. After much fruitless correspondence I regret to say that both these Companies refused to render any assistance whatever, a boon the refusal of which greatly increased the expenditure for these experiments. Lastly, I placed myself in communication w ith Messrs. R igby, the contractors o f the vast works of the Quarries and Harbour, and in A ugust 1856 received from them the assurance of every assistance that they could afford consistently with the prosecution of the works. To them, to Mr. R. L. Cousens, C.E., the acting engineer for their Firm on the works, and to Mr. Gf. C. D obson, C.E., chief engineer on the work under Mr. R endell (since under Mr. H awkshaw), my thanks are due for the best and most cordial assistance upon all occasions.
The position for the observer's station and seismoscope upon the levelled floor of rock at Pen-y-Brin having been fixed upon, the first operation necessary was to obtain an accu rate section of the surface in the line between that and the quarries, a geological sec tion of the rock formations along the same line, and with precision the exact distance in a straight line, from some fixed point adjacent to the quarries, to the observer s station. The fixed point chosen at the quarries was the flagstaff at the bell, which is rung when ever a blast is about to be fired, this being so placed that from it measurements and angular bearings with the line of range, O W (Map), from the various sites of future explosions could readily be made, and thus the exact distance of each focus of explosion (to be hereafter experimented on) from the seismoscope at O ascertained, the flagstaff always remaining undisturbed as a fixed terminal at the quarry end of the range.
The whole surface, O to W , was carefully levelled over, and the distances chained, as 4 u 2 given in Plate X X I. Section I. The roughness of the ground and its inclination, how ever, rendered direct measurement of the range o f wave-path with sufficient accuracy impracticable, and it was found necessary to obtain.it trigonometrically. For this pur pose a base-line of 1432 feet in length was measured off along the rails of the tramroad which connects the quarry with the east breakwater, between the points A and B (Map, Plate X X .), where the road fortunately was found straight and nearly quite level. This was measured with two brass-shod pine rods, each of 35 feet in length, of the same sort, and applied in the same manner, as I used in 1849 for measuring the base of one mile on K illiney Strand, for the particulars o f which the " Second Report on Earthquakes," &c., Report. Brit. Assoc. 1851, p. 274, &c., may be referred to. The base was measured forwards and backwards, w ith a result differing by less than 3 inches. The flagstaff at the spot marked W in the Map, is not visible from the observer's station, owing to some intervening houses and other objects; a staff was therefore set up at S upon the hill-side. The point O was connected by angular measurements with the extremities of the measured base A and B ; the triangles OBS and OSW were then obtained, whence that O BW was arrived at, from which, finally, the distance OW (the constant part of the range) was ascertained to be = 4584*80 feet. The triangle OBW was used as a check upon that OSW , as the angles at O, S, and W had to be taken, owing to local circumstances, smaller than is desirable. The lengths of the side OW obtained from the two triangles separately closely agreed; and as a further check, the side SW , which gave, trigonometrically, a length of 671*07 feet, when actually measured as a base of verification, gave 672*05 feet.
I was also enabled to connect the side OS w ith a trig point P, upon the western breakwater, and another at R, the positions o f which are defined upon the accurate sur veys of the harbour in Mr. D obson's, C.E., possession, as a further means of verification; we may therefore view the length o f the constant part of the range between the observ ing station and the flagstaff, its other permanent terminal, as equal to 4585 feet, neglecting fractions.
The base of the staff at S was found to be 68*78 feet above the level of the horizontal surface of the rock at Pen-y-Brin (the observing station O), and the base of the flag staff at W is 5*70 feet above the same point O. The levelled surface of rock at O is 84 feet above the mean tide-level of the sea in the Asylum H arbour; and the average rise and fall of spring tides at Holyhead is 18 feet; the line of rock, therefore, through which the range passes is, except as respects surface water, permanently dry to a con siderable depth. The majority of the headings are driven into the face of the quarry cliff horizontally, at from 10 to 20 feet above the level of the floor of the quarry, which is on nearly the same level as the point W . H ence, practically, the actual range of transmission through the solid rock, of the impulse from each heading when fired, to the seismoscope at the observer's station, may be considered as a horizontal line, and no correction of distance is required for difference o f elevation at the two extremities of the ob serving-range in the deduction of our results. of which may be seen as cutting through our line of range at / , g, Jcr \ in Plate XX.
Section II.
A t a short distance behind the quarry cliff, and seat of our several explosions, a great clay dyke occurs in the quartz rock--a wall, in fact, of about 20 feet in average thick ness, running in the direction marked on the IMap (Plate X X .), and with a dip of only about 20° from the vertical. This consists of strongly compacted clay, nearly pure white, and more or less mixed with fine sand and grains of mica, but cannot be called rock, though continually passing into stony masses. Lying as it does in rear of our expe rimental headings, it was of some value, as presenting a dead solid anvil to the pulse from each explosion, in the contrary direction to that of the observed wave of impulse, and hence causing a larger and more distinctly appreciable wave to be transmitted in the direction towards the seismoscope.
The schist rock, in colour, passes from fawn-colour and light greenish ashen grey into a rather dark tea-green. It owes its colour to disseminated thin layers of chlorite, and probably of black or green mica in minute scales, between which are thicker layers of quartz, presenting identically the same mineral characters as those of the quartz rock beneath. These layers, owing to the small relative hardness and cohesion of the chlo rite and mica, present planes of weakness and of separation; the rock is, in fact, every where thinly foliated, the average thickness of a plate seldom exceeding 0*2 of an inch, and averaging about one h a lf that thickness. These foliations are twisted, bent, doubled up, and distorted in every conceivable way. The contortions are often large, the curves having radii of some feet, with minor distortions within and upon th em ; but most com monly they are sm all; so that it is rare to get even a hand specimen presenting flat and undistorted foliations, while, quite commonly, hand specimens may be found presenting within a cube of 4 or 5 inches two or three curves of contrary flexure, often in all three axes, and with curvatures short, sharp, and abrupt, almost angular. There is a general tendency observable in the greater convolutions to conform more or less to the surfacecontour of the country; so that the largest and flattest folds are found to occupy, with an approach to horizontality, the topmost portions of the great humps or umbos of schist rock that form the characteristic of the landscape, and so rolling off in folds smaller, steeper, and more convoluted towards the steeper sides, as though these masses had slipped and doubled upon themselves when soft and pasty.
Occasionally, however, where deep cuttings have exposed the interior of such surfaceknolls, it is found sharply convoluted and twisted in all directions, and without any relation to the existing surface of the country. Everywhere this mass of minutely structured, convoluted, and foliated rock is cut through by joints of separation, with surfaces in direct and close contact, and by thin seams and veins of hard and sometimes pretty well crystallized quartz, now and then discoloured by oxide of iron, and with minute cavities filled with chlorite and mica, and with others of agglutinated quartzose sand, whose bounding-lines pass off rapidly, but , into the prevailing substance of the rock. It is by no means of equal hardness. Some portions (and these occur with-out any order or traceable relationship throughout the mass) are much thinner in the foliation, and the layers o f chlorite and mica nearly as thick as those of the intervening quartz, both being so attenuated, that to the naked eye the edge of the foliation pre sents only a fine streaky appearance o f lighter and darker green-grey tint. The softest, however, readily strikes fire with steel; and throughout the whole mass of the rock, for the length o f our range, it is so hard, coherent, and intractable as to be only capable of being quarried by the aid of gunpowder and with very closely-formed jumper holes.
The specific gravity o f the densest portions of the schist rock reaches 2*765, that of the softer averages 2*746. W hen the rock, whether hard or soft, is broken, so that the applied surfaces o f the foliations are visible, they are often found glistening and greasy to the feel, from flattened microscopic scales of mica, or possibly o f talc.
The quartz rock fractures under the effect of gunpowder into great lumpy masses, with much small rubbish. The schist under^ that, from jumper-hole blasts, breaks up into coarse, angular, knotted and most irregular wedges, the foliations breaking across in irregularly receding steps, and (throughout our range at least) a stone with a single: flat bed being perhaps unprocurable. Both rocks are absolutely dry, or free from all perceptible percolations of surface-water issuing as springs, nor does the rain penetrate their substance by absorption for any appreciable depth,-both indications of their gene rally compact structure.
The faults with which our range is intersected in four places, at a horizontal angle of about 75°, are not far from vertical, dipping a few degrees to the N .W . They occur at the points marked f , g, 7 c , £, on the Geological Section (Plate X X I . S the disturbed and shattered plate o f rock between each pair respectively appears to have sustained a downthrow (or the rocks at either side the contrary) of a few feet, 10 to 12 probably. The surfaces of the walls o f those faults, so far as I can judge from rather imperfect superficial indications, appear to be in close contact; and such is the character o f all the small faults that intersect the formation hereabouts.
I have been thus tediously minute in describing the character of the rocks throughout our range because, if experimental determinations of earth-wave transit are to become useful elements of comparison, in the hands of the seismologists of other countries, with the observed transit-times of natural earthquake-waves, and a means of controlling such observations, it is essential that the means be afforded of accurately comparing the rock formation traversed in all cases. From what has been described, it will be remarked that the rock here chosen for experiment presents in the highest degree the properties capable of producing disper sion, delay, and rapid extinction of the wave o f impulse, so far as its structure is con cerned, although the modulus of elasticity o f a very large proportion of its mineral constituents (silex) is extremely high, and its specific gravity as great as that of Dalkey granite. Added to its m inutely foliated and mineralogically heterogeneous character, with its multiplied convolutions, we have five great planes of transverse separation in the range, one of these forming the plane of junction of the quartz and schist, with innumerable minor planes of separation at all conceivable angles to each other in both rocks; and yet we have highly elastic and dense materials forming the substance of both rocks,* and their general mass remarkably free from open veins, fissures, or cavities. W e have also two different rocks, the one transmitting the impulse into the other, yet neither so widely differing from the other in molecular and other physical charac ters as to make any great or abrupt effect upon the wave at the junction probable. In fact, widely to the first glance as the quartz rock and the schist rock appear to differ, there is less real distinction of physical character between them than would be supposed: both are composed o f the same siliceous, sand, in about the same size of original grains, variously enveloped, in the one in chlorite and mica, and in the other in white or grey clay and mica; both have, in ancient geological epochs, doubtless derived their materials by degradation and transport from a common source as respects their main constituent, the sile x ; both have been submitted to approximately similar pressures, and probably like temperatures; and the agglutinating flux has probably been mainly the same for both, viz. the minute proportions of alkalies derived from the waters of an ancient ocean.
The main difference in physical structure, viewed upon the broad scale, between the quartz rock and the slate is this (as regards our experim ents). that the great joints and planes o f separation on the whole approximate to vcvticcdity in the former, while in the latter, with the exception of some larger faults and dykes, the planes of separation are twisted and involved in all directions, but tend more to approach More interesting conditions could thus scarcely be found for experimental determi nation of the transit-rate of earth-waves, or more desirable for future comparison with that of earthquake-waves them selves; much more instructive, indeed, were the actual conditions than if the means of experiment presented by these vast quarry operations had been in the most regular, undisturbed, and horizontal stratified rock, like some <rf the mountain limestone of Ireland, or the finest and densest laminated 1 oofing-slates of W ales. In such ranges we can predict that the transit-velocity would at least be high. In the medium chosen for these experiments it was impossible even to guess what it might be found. j l I proceed to describe the instrumental arrangements made for the observation of the impulse-wave transmitted from the blasts chosen, and for the determination of the transit-time along the range of wave-path. Over the surface of solid rock that had been chiselled down to a level tabular surface at (O) Pen-y-Brin, a timber shed was erected of sufficient size to place the observer, an assistant, and all the instiuments proper to that spot, under cover and secured from the wind. The side to the N.W . was open, to permit of observation along the line of range, with the means of partially closing it in high winds.
Along the line of the boundary-wall of the railway next Pen-y-Brin, and thence a ong up to the highest and most distant point of the quarry cliffs, a line of telegraph-pos was planted; and upon these, two properly insulated iron wires were hung, in such a manner that at any point along their length over the quarry cliffs, a pair of branch wires (covered with gutta percha) could be led off, and in like manner another pair to the apparatus in the ob serving-shed at Pen-y-Brin, thus giving the means of galvanically connecting the extremities of the range, in any way that m ight be required.
The mines in use at the quarries frequently consist of two, three, or four separate chambers and charges, which are all fired simultaneously (see Plate X X I I .) ; but each charge is fired by a distinct pair o f wires, igniting a fine platinum wire interposed in the circuit and immersed in one o f the powder-bags. The arrangement of this platinum wire in its hollow wooden frame to prevent disturbance, and its connexion with the large conducting-wires, are practically the same as those adopted by me in 1849 at Killiney, and will be found fully described in " Second Report on Earthquakes," &c., Report of British Association for 1851, p. 277.
W hen several charges are to be fired simultaneously, all the electro-positive wires from each chamber are collected into one mercury-cup in connexion with one pole of the battery, and all the electro-negative wires into another mercury-cup. Upon making contact between the latter and the second pole of the battery, the current at the same moment ignites all the platinum wires passing through each pair of wires as a separate conducting-path. This method requires considerable battery power, but is the only certain or reliable one for firing simultaneously a number o f separate charges. W hen an attempt is made to pass the current from one pole of the battery through a single pair of wires, and through all the fine platinum priming-wires in succession to the return pole, there is extreme risk that the first or second platinum priming, o w in g to its attenuated section o f wire (in virtue o f which indeed alone it becomes ignited at all), may interpose so much resistance to the current as to prevent the ignition of the third, or fourth, or other subsequent primings, or that the first priming-wire may get abso lutely fused or broken by the first-ignited powder, and so cut off all communication with the others before they have been heated sufficiently.
A neglect o f this obvious consequence o f O hm's law of resistance appears to have been the cause o f failure very recently, in an attempt to ignite a number of mines of demolition, simultaneously, at Chatham. From the great magnitude of the charges frequently fired at Holyhead, and the very serious consequences that failure of ignition would involve, the battery power habitually employed is wisely of superabundant power. It consists of a G rove's battery of thirty-two cells, each exposing 96 square inches of platinum element. It is but justice to my friend Mr. R; L. Cousins, C.E., to whose assistance in these experiments I am so much indebted, to add that during the several years he has controlled these vast blasting-operations a single failure of ignition has never occurred.
For the above reasons, and from the necessity that in the event of any failure of such apparatus as I might require for experiment, in making contact and firing the mine at a given moment, the power should still be reserved to Mr. Cousins to fire it directly afterwards in the usual way, so as not to interfere with the works, I was led, finally, mdccclxi. . 4 x to devise the following magneto-galvanic arrangement, by which, at a signal given from the summit of the quarry cliff (where the firing-battery is usually placed, nearly above the mine or heading then to be fired, and at a safe distance back from the edge of the cliff, usually about 100 yards) that all was ready, I should myself, stationed at the observing-shed (O), be enabled to complete the contact and fire the mine, and do so in such a way as to register by means of the chronograph the interval of time that elapsed between the moment that I so made contact (or fired) and the arrival of the wave of impulse through the rocks of the range or wave-path, when made visible by, and observed by me in, the seismoscope. For this purpose such an arrangement was required as, upon contact being made by me at the observing-shed (O), should set in motion such a contrivance, situated upon the quarry cliff, at the remote end of the telegraph wires, as should there instantly close the poles of the great (G rove's) firing-battery and so fire the mine, and in the event from any cause of this result not taking place at the preconcerted moment, that then it should be free to Mr. Cousens or his assistants to close the poles of the firing-battery by hand in the ordinary way.
In Plate X X III ., in which (fig. 1) this arrangement is figured (without reference to scale), A is one of the headings seen in the cliff-face at part of the quarries. Above the cliff at B is placed the G rove's firing-battery; the conducting wires from its poles pass down the face of the cliff and into the heading, uniting at the platinum primingwire in the midst of the charge of powder, the further end of the wires terminating in mercury-cups at the contact-maker C (about to be described). From the electro magnet of the contact-maker, the two insulated wires are led along upon telegraph poles from the summit of the cliff down to the observer's station at Pen-y-Brin, where they terminate also in mercury-cups, one forming the s -J-and the other the s-pole of the contact-making battery E placed there. This battery consisted of six of the usual moistened-sand batteries in use for telegraph purposes.
The chronograph (D) was placed upon the levelled rock adjacent to this battery, and conveniently for its lever (m) being acted on by the left hand of the observer, when lying at full length upon the ground, with his eye to the seismoscope based upon the rock at F, its optic axis being situated in the vertical plane of the line of wave-path or range F A. Close to the seismoscope, and at the same level as the eyepiece of that instrument, a very good achromatic telescope was adjusted upon its stand, so as to bring the heading about to be experimented on, together with the whole face of the cliff and the firing-battery, &c., within its field,--the eyepiece o f this telescope being fixed at about a distance of or 8 inches from that of the seismoscope, and so that the eye of the observer, while lying at ease, and with the left hand upon the lever of the chronograph ( ), could be instantly transferred from the one instrument to the other. In this state of things, when t e proper signal (by the exhibition of a red flag) was made, and at a preconcerted time ®s nearly as was practicable, by those stationed at the firing-battery at B, that " all was ready," I applied my eye to the seismoscope and pressed down the lever (w ) of t chronograph with a sharp rapid m ovem ent; this instantly closed the poles of the contact-making battery C, causing the galvanic current to pass through the electro-magnets of the contact-maker away at the quarries at C. This directly closed the poles of the Grove's firing-battery at B, and fired the mine. The moment I observed the arrival of the wave o f impulse propagated through the range from the explosion at A in the seismoscope at F , I withdrew my hand from the lever of the chronograph (m), and thus stopped the instrument, the interval o f time between its having been started and stopped thus registering the (uncorrected) time of transit o f the wave for the distance A F . It will now be necessary briefly to describe the several instruments separately. The seismoscope and chronograph have been already fully described in the account of the expe riments made in 1849 at K illiney and Dalkey (Second Report on Earthquakes, &c., Re port of Brit. Assoc. 1851), to which reference may be made.
Briefly, the seismoscope (fig. 3*, P late X X I I I .) consists of a cast-iron base-plate, on the centre o f the surface of which is placed an accurately formed trough ( ), 12 inches long, 4 inches wide, and 2 inches deep, containing an inch in depth o f pure mercury, with its surface free from oxide or dust, so as to reflect properly. The longer axis of this trough is placed in the direction of the wave-path, the base of the instrument being level. A t the opposite end o f the trough are placed standards with suitable adjustments; that at the end next the centre o f im pulse carries a tube (c) provided with an achro matic object-glass at its lower end, and a pair of cross wires (horizontal and vertical); its optic axis is adjusted to 45° incidence with the reflecting-surface o f mercury in the trough. A t the other end o f the trough an achromatic telescope (a) with a single wire is similarly adjusted, so that when the moveable blackened cover (e e) is placed over the trough, &c., no ligh t can reach the surface o f the mercury except through the tube c. The image o f the cross wires in the latter is therefore seen through the tele scope a, clearly reflected and defined in the surface of the mercury, so long as the fluid metal remains absolutely at r e st; but the moment the slightest vibration or dis turbance is by any means communicated to the instrument, the surface of the fluid mirror is disturbed and the image is distorted, or generally disappears totally. The telescope magnifies 11 '39 times linearly, and the total magnifying power of the instru ment, to exalt the manifestation to the eye of any slight disturbance of the mercurial mirror, is nearly twenty-three times. Its actual sensibility is extremely great. In the present case, however, this was not needful, as the impulse transmitted from these powerful explosions produced in all cases the most complete obliteration of the image, and in those of the most powerful mines experimented on caused a movement in the mercury o f the trough that would have been visible to the naked eye. Indeed in that of the 24th of November, 1860, the amplitude o f the wave that reached the seismoscope was so great as to cause the mercury to sway forwards and backwards in the trough to a dejpth that m ight have been measured.
After the earth-wave has reached this instrument, a certain interval of tim e is neces sary for the production of the wave in the mercury, and for its transit from the end of 4 x 2 the trough next c, where it is produced, to the mid-length where it is observed. This involves a correction in the gross transit-time as observed with it. For the methods by which the constant for this (seismoscope correction) was determined, I must refer again to Report of Brit. Assoc. 1851, pp. 280, 281. It amounts to 0"*065 in tim e; and as the effect of this w ill in every observation appear to delay the arrival of the earth-wave at the instrument, this constant in time, converted into , must be added to the rate of wave-transit otherwise obtained.
The chronograph (originally devised by W heatstone) is shown in fig. 1*,' Plate XXIII. It consists, in fact, of a small and finely made clock, deprived of its pendulum, but pro vided with a suitable detent, shown more at large in fig. 4 *, by which the action of the weight upon it is kept always arrested, but can immediately be permitted to take plaee in giving it motion, upon pressing the hand quickly upon the lever g.
The running down of the weight causes the anchor and pallets of the escapement (&) rapidly to pass the teeth of the escapement-wheel ( ), so that the clock " runs down" by a succession of minute descents, and thus the motion is practically a uniform one. It follows that as more weight is added this velocity becomes greater, and by such addition the instrument may be made to measure more and more minute fractions of time.
It registers time upon two dials ( fig. 2*) , each with an index; one of these is fixed on the axis of the escapement-wheel («), and its dial is divided into thirty smaller and six larger divisions. The pinion on this axis is to the wheel upon the weight-barrel (5) as 1 :1 2 . This carries the other index, and its dial has twelve divisions, so that one of its divisions corresponds to an entire revolution of the former one. The value in actual mean time, due to the movement of the instrument as thus recorded, requires to be ascer tained by reference to a clock beating seconds, so that the number of revolutions of the index b, and parts of revolutions of that a, du may be determined by the mean of several experiments. For the methods of perform ing this with the necessary correctness, I again refer to " Second Report on Earth quakes," &c., Report of Brit. Assoc. 1851, pp. 287, 289, &c.
On the present occasion, as a considerable time elapsed between the successive expe riments, during which the oil on the instrument more or less changed its state, and as some were made in summer and others in winter, it became necessary to rate the chro nograph anew for each experiment, or at least to verify the former rating; for this end it was necessary to provide a suitable loud-beating seconds clock, with a divided arc to the pendulum, as none such could be procured at Holyhead. The same weight was constantly used with the chronograph; and the extreme differences found, in the rating during the several years that these experiments have been in progress, were no more than the follow ing:- fig. 3 ) are secured by a cotter. The coils of covered wire round these are continuous, the wire ( ) from the g + pole passing at its further end from the first coil over to the second, and at the extremity o f the latter pass ing off to the g-pole by b\ the junctions being effected by mercury-cups in the usual way.
It remains to describe the contact-maker (fig 2, Plate X X III .). c is the base of the instrument o f mahogany, carrying a vertical and bent arm (d) o f cast iron, into the upper forked end o f which the central iron bars, o f about -f-ths of an inch in diameter, of the electro-magnets a, a (seen in plan in
ni s a sliding piece o f wood, secured upon the base c, when adjusted in place, by the screw at s ;this carries a wrought-iron lever armature (c), whose arms are as 8:1, the shorter and rather heavier end being adjusted so as to be beneath the poles of the electro-magnets, and at such a distance beneath them that, upon passing the current through the coils, the magnets shall readily attract the short end of this lever, snatch it up into contact with the poles of the magnets, and in doing so depress the other or remote end o f the lever. The latter extremity o f the lever is provided, as seen more at large in figs. 4 and 5, with a forked pair o f copper poles amalgamated, which, when depressed by the action o f the electro-magnets, dip into the mercury o f the cups and y and in doing so close the holes o f the firing-battery, the conducting wires from which (h and h) dip respectively into mercury-cups, which by a tube bored through the wood are in permanent communication with f and f (cups) respectively. The lever and forked poles, &c., are provided with various screw adjustments as to position, range, &c., and a slender spring beneath the lever, ensuring that it shall not be accidentally moved by wind, or other cause, until acted on by the powerful grasp of the magnets.
This instrument was found to answer admirably well. It may be observed, in passing, that it gives the means of exploding mines at almost any distance, through telegraphic wires and by any moderate contact-making power, and may admit of valuable applica tions hereafter for the explosion, at a determinate instant, of mines for purposes of warfare.
It is obvious that a certain
loss of tim e must occur at this c to our experiments-that in fact the total time registered by the chronograph at D i8 too great, by the minute interval that elapses between the arrival of the galvanic current in the coils at «, and the dipping of the poles / , / into the mercury-cups. W ith the same battery power at E and conducting-wires, this delay is practically constant. . Its amount, however, required to be determined, and the ttTYte^ when converted into added to the gross transit-rate previously ascertained.
For this purpose the following little apparatus was employed. Its principle, though not the precise details of its construction, is shown in fig. 6 , Plate X X III. Upon a ver tical steel spindle (s) revolving upon an agate step at bottom, and in a polished brass collar at top, a cylindric barrel is placed of 1 inch diameter, having an escapement-wheel and anchor escapement (v) at its lower end, all the parts being made as light as possible. Upon the upper end of the spindle a circular disc of Bristol board (cardboard),/, of 1 2 f inches diameter, is secured by a light screw-collar (t) gripping the disc firmly, so that it and the spindle must revolve together. Both the upper and under surfaces of the card-disc, for an inch or two from the circumference, towards the centre, were slightly rubbed with violin-player's hard rosin, and the whole, resting upon its base B, placed so that the disc should rotate horizontally. A fine elastic silk thread is wound a few turns round the barrel, and passing over the sheave (r) sustains a weight (W ), by the descent of which, when required, rotation can be given to the disc, &c., the weight itself being large in proportion to the inertia of the rotating parts. By suitable changes in the disposition of the parts of the contact-maker (chiefly in getting the east-iron arm d, fig. 2 , out of the way), it was placed at C with respect to the disc, so that the lower poles of the electro-magnets (a, a) were just above the upper surface of the card-disc, and the short end of the lever armature (e) just below the same, the card running free in the small space between, and the centre of the magnet-poles being exactly at a radius of 6 inches from the centre of the disc. Nearly at right angles on the disc to this, the chronograph (D ) was placed and firmly fixed; a fixed point (shown in part only in the fig., g% formed of a bit of cylindrical mahogany, with its lower end rosined, was so fixed as to be about /^th of an inch above the upper surface of the disc. The lever (m) of the chronograph, divested of its forked pole, and having a small rectangular rod of brass substituted, was so adjusted that its sustaining spring beneath should press this brass terminal up against the under surface of the disc at j>, directly below the fixed point or stop and, bending the card-board there, press its upper surface into contact with the lower end of Thus the weight W being free to descend, this arrangement at p aeted as a detent to keep the disc from moving; but when the lever (m) was pressed down to start the chro>* nograph the disc immediately became released, and began to revolve by the action of the weight W . A t E the contact-making battery, or one of equal power, was placed, one of its poles being connected, through the rheostat (R), by conducting-wires with the coil of the electro-magnet (a) and terminating at the g + pole at the mercury-cup which was in connexion with the other, or s-pole of the battery.
. The rheostat was adjusted so that the resistance equalled that of the conductingwires along the telegraph poles between C and D , E ( fig. 1 , Plate X X .). In this state of things, when the lever (m) o f the chronograph was pressed down, the disc ( f ) instantly commenced rotating, but directly afterwards the electro-magnet (a), whose current was established by the first movement, attracted the lever armature (e) through the disc, and the latter was arrested by being gripped between the pole of the magnet and the arma ture. The arc o f the circumference of the disc then, at the centre of the magnet-pole (». e. with 6 inches radius), that was intercepted between the marked spot (p ) whence it started and that at which it was arrested, became a measure of the time lost or elapsed between starting the chronograph at the observer's station and making contact at the firing-battery in the actual experiments. The arc thus intercepted was converted into time, from the descent o f the weight (W ), by the common formula -^i, s being given and equal to x^tb. the len gth in feet of the arc described by the circumference o f the disc before being arrested; and this was capable of being controlled by measuring by the chronograph itself the actual time o f a given number o f successive revolutions, and parts of revolutions, o f the disc, the total number of complete revolutions made being taken by reckoning the coils wound off* the barrel. Upon a mean of ten experiments with this apparatus, the delay at the contact-maker appeared to be no more than 0"*0143, which converted into distance, at the greatest transit-rate observed, gives a correction of 17*3 feet per second, and at that of the least o f 12'8 feet per second, both additive. It may be remarked that the small error due to inertia, &c. in this apparatus tends nearly to correct itself, the extremely small time lost at starting of the disc being very nearly equalled by its tendency to be carried a little too far by the velocity im pressed; the whole inertia also o f the disc-barrel, &c. was extremely small in proportion to the moving weight W .
Another correction requiring to be attended to in these experiments was the time of hang-five in the charge o f the mine, that is to say, the time required for the burning o f such a portion o f the whole charge of powder as should be sufficient to rupture the rock around, and so start off from the focus the wave-impulse perceived in the seismoscope-in other words, the time lost between the instant of first ignition of the powder, viewed as simultaneous with that of making contact at the firing-battery B, and the starting of the wave of impulse to be measured.
In my former experiments at K illiney Bay, it w ill be recollected that it was in my power to determine this experimentally and rigidly, the moderate charges of powder there employed admitting of this, and that I found it amount for 25 lbs. of powder to O^'OSOSIS, or to about -^th of a second. Such is, in fact, the time that the full charge of a 68-pounder takes to burn. But in the present case direct experiment was im possible; und the value for this correction can only be approximately obtained, by observing the time that elapsed in some instances between the moment of making contact at B and the first great visible movement of rock at the face of the heading. This observation I made in three instances, noting the time by a delicately made chronoscope by M. R obert, Rue du Coq, Paris. The results gave 0"*05, 0"*04, and 0"*08 for the time of hang-fire respectively, noting from the first visible movement of rock at the face of the heading. . This would give a mean of 0"-0566, or very nearly 0"-06 for the time of hang-fire, which can be viewed, however, only as an approximation. It must vary slightly with every different " heading," depending as it does upon a great variety of conditions, but probably much more upon the exact proportion subsisting in any given case between the actual resist ance of the rock to the powder employed than upon the absolute quantity of the latter, although the total mass of powder burnt is also an element. The greatest observed difference between the greatest and least hang-fire amounted to 0"*03, which, converted into distance at the mean transit-rate of our experiments, would give a maxi mum error due to this cause of about 31 feet per second; the probable error cannot be more than about one-half that amount. This correction, converted into distance, is also additive. By the methods thus described the experiments were commenced and conducted up to the middle of 1857. Great trouble and difficulty, however, were experienced from the outset in keeping the arrangements in working order and so as to be efficient when wanted at the very brief notice that could he afforded me beforehand by the officers in charge of the works, when suitable headings were about to be fixed. The entire line of telegraph wires, the observer's shed, &c., were exposed to mischief and depreda tion and to injury in that tempestuous place by storms, &c. The long intervals between the experiments involved preparations and adjustment of every part of the galvanic apparatus afresh; upon each occasion, and for the most trifling repairs, workmen had to be brought from Conway, or even from Manchester, as also, in every case, to make good the branch conductors from the telegraph wires. The length of the range and hilly character of the ground also produced much difficulty, in being assured that all was right from end to end against the moment at which the firing was obligatory, as well as great personal fatigue at a moment when composed ease and freedom from fatigue were most desirable for good observation.
These difficulties, in great part foreseen, had early caused me to turn my attention to the practicability of so adjusting, at the observing-station, a telescope of large field and clear definition, and so disposing the G rove's firing-battery and other apparatus at the quarry cliff, that all could be clearly seen from the former point, and the act of making contact at the firing-battery observed by m yself with distinctness and certainty, the two extremities of the range being thus, as it were, visually brought together.
Two attempts to experiment in the summer and autumn of 1857, rendered abortive by derangements of the galvanic apparatus, caused me finally to abandon it, thoug unwillingly.
I found, however, with some satisfaction, that, subject to the possible fatality of a cloud settling over the quarry cliff, and so shutting it out from sight just at the" critical moment, the telescopic arrangement, on trial, really seemed to offer quite as accurate results as the more complex method, and more difficult to manage, contact-making ; and the new mode was thus continued to the end of the experiments T h e firing-battery being so disposed upon the sloping brow of the quarry cliff facing my station as to be clearly visible to me, as well as every movement of those employed there, a code o f signals was arranged between m yself and Mr. C o u se n s, by which we should mutually become cognizant o f the state o f preparation, &c., and successive acts at our respective stations. W hen all was ready at both ends for the explosion, the final signal was made by Mr. C o u se n s, by elevating a bright-red flag (mounted upon a short  and light staff) to a vertical position, the lower end resting on a fixed p oin t; a pre  arranged interval o f a few seconds (usually 10") The result gave a minimum error of 0" 009, and a maximum o f 0 7*017. The mean error, 07 013, is thus almost equal to the constant due to the contact-maker (in previous arrangement), with this difference, however, that the error in the present case might be either + or -•. In twelve experiments, nine were -f-or additive; that is to say, the contact was made more slowly with the left hand than the flag was dropped with the $ght. The probability is therefore 3 : 1 that the error would be always additive, and ^ould not exceed Q"*0l3 even if my observation was wholly directed to the flag; but as I directed my attention as completely as possible only to the movement of the contactmaking hand, it is still less, and therefore, as not amounting to more than 6 or 7 feet per second in transit-time, may be neglected altogether. A s regards my own personal MDCCCLXI. 4 Y equation of observation, it w ill be seen, on reference to " Second Report*," &c., of the former experiments at K illiney, where it was ascertained for both observers, that its amount is much too minute to enter sensibly into the present results; and it is need less to say that this is a fortiori the case as respects th e time lost in transmission of the galvanic current through the 12,000 or 13,000 feet of conducting-wire.
The diagrams (Plate X X II.) give, to one scale, horizontal sections of the several head ings, from the experiments on which, transit-results have been deduced, and a vertical section also of No. 31, quarry No. 9, as illustrative in this respect of all the others.
The line of heading, from the face of the cliff up to, any focus of charge, turns, it will be seen, thrice at right angles to itself, the object being more effectually to confine the effort of the powder when fired, and prevent the mass of 44 tam ping" from being blown out. Results have been deduced from two headings, each of single focus; two of double focus, one of triple focus, and one of four foci,-the face of the cliff blown out varying (as marked in each case in the figure) from 60 feet to 120 feet in height, and the total weight of powder fired at one time being from 2100 lbs. up to the enormous charge of 12,000 lbs., or nearly 6 tons.
It was necessary to ascertain the exact distance in a right line from each of these headings, wherever situated, to the observing-station O, at Pen y B rin; and for this purpose, previously to each explosion, the distance of the mouth of the heading was mea sured with accuracy (which the ground admitted of) from the flagstaff at W (see Map, and Section I. Plate X X I.). The exact distance of the latter having been previously determined from the observing-station O, as already described, the angle of azimuth The Map is to a scale o f 1 j-inch to 1000 feet, but is not quite exact as to filling in details on land. The important distances here concerned are therefore marked in by figures.
In the following Table our by N oggerath* who found it 1376 Paris feet per second; by ScHMiDTf, of the shock about Mincow in Hungary, and by myself in the (late) Neapolitan kingdom, after the great shock of 1857, where I found that the velocity of propagation, in the shattered limestone and argillaceous rocks of the shaken region, was even below what has been here determined for the harder and more compact rocks of "Wales, also of stratified structure. Experiment and observation have thus alike sustained the three provisional conclusions anticipated by me as to the transit-velocities of earthquake waves in nature (at the conclusion of " Second Report," &c., Report of Brit. Assoc. 1851, p. 316), in pSiSsiii^ through formations different in character.
In experimenting with these great explosions at Holyhead, I have been enabled to see that such great impulses, though offering the advantages of a greatly extended range, and hence larger total time-period for measurement, do not in reality admit, from various contingent circumstances, of greater, or perhaps of as great accuracy of transit determi nations, as do much smaller explosions, such as those specially made at Killiney Bay. These great explosions, however, elicit phenomena visible in the seismoscope, which are too faint to be distinct when due to smaller charges, and which analogize closely with the succession of vibratory and wave movements observed in natural earthquakes. In the larger of these great explosions, as the impulsive wave approached the instrument, the previously steady reflected image of the cross wires did not at once disappear; the defi nition of the wires rapidly became obscured, the obscuration increasing for an instant to a flickering of the image, preceding its obliteration, at the same moment that the oscil lation then communicated to the trough caused the mercury to sway from end to end, in a liquid wave, whose amplitude was sufficient to cause variable flashes of light to be transmitted to the eye, with the changing inclination of the reflecting-surface of the undulating mirror,-the image of the cross -wires reappearing (but now oscillating with the movement impressed upon the mercury in the direction of the wave-transit) by pass ing through a second phase of flickering and vibration, but in the reverse order, before becoming perfect in definition as at the commencement.
I had thus presented visibly before me the " tremors " that nearly invariably are de scribed as preceding and following the main shock and destructive surface movement in every great earthquake. The phenomena appear to be identical, however premature it may be to propose a precise and adequate explanation of their production.
There appear to be three elements upon which the wave-transmissive power of a rock formation mainly depends, viz. the modulus of elasticity of its material, the absolute range of its compression by a given impulse or impact, and the degree of heterogeneity and discontinuity of its parts. As has been already described, the range of wave-transit of these experiments passed through two rock formations, quartz and slate, differing in name, and in several respects in structure, yet very much alike, as has been remarked, in intimate composition. It remains to show, experimentally, that they do not differ in these conditions o f transmissive power, to such an extent as materially to affect the results.
I f a perfectly elastic ball be dropped upon a mass of perfectly elastic rock, whose volume may be considered as infinite with respect to that o f the ball, the latter w ill rebound to the height from which it descended; and if the same ball, though not per fectly elastic, be dropped in succession upon like masses o f two different rocks, it will rebound from each to a height less than that from which it fell, and the value of which will depend mainly upon the elasticity, the depth o f the impression, and the degree o f discontinuity o f the rocks respectively. W e have therefore thus got the means of very simply determining, in a sufficiently approximate manner, the relation between the velo city o f impact and that of recoil, a quantity that bears the most intimate relation to the wave-transmissive power o f rocks or other like bodies. To conduct this experiment, I dropped an ordinary ivory billiard ball upon a number o f different masses of the quartz rock, and also o f the slate, both in s i t u , and upon very large i the impacts both transverse to the stratifications and foliation and in the same planes as these, in both sorts of rock. The ball was dropped from a constant height of 5 feet above the point o f impact, and beside a graduated scale held vertically by an assistant, by means o f which, after a little practice, and skill in choosing by trial a point of impact from which the ball shall rebound vertically only, it is easy to observe with considerable accuracy the height to which it recoils, the eye being gradually brought to the same level as that to which the ball rises, so as to read the scale free from parallax.
I f H and Ji be the height from which the ball has fallen and that to which it rebounds, then which may be viewed as a symbol o f the above relation, and closely connected with the wave-retardations respectively. In the quartz rock I obtained the following results:-From the hardest and densest blocks or masses, and edgeways to the lamination, the ball recoiled 2*33 feet;; v is therefore = s \ / h -12-251 feet per second.
From the softer and more earthy masses, and transverse to the planes of lamination, the recoil was 1*50 feet, and ^=9*822 feet per second.
And in the slate rock,-From the hardest and densest, edgeways to the foliation, the ball recoiled 2*00 feet, or tt= lT 3 4 1 feet per second.
From the least hard and dense, and transverse to the planes of foliation, the recoil was 1*417 feet, and v =9 *546 feet per second. The mean value for the quartz rock is thus 
